in the two fiber types of human muscle before and after training was also estimated.
MATERIALS AND METHODS
Six healthy male subjects were studied (see Table  1 for physical characteristics).
All were active in recreationa sports but none had engaged in endurance training for at least 2 years prior to this study. Before training maximal oxygen consumption (VOW ,,,) was determined and muscle samples were taken from two different sites in the lateral portion of the vastus muscle with the needle biopsy technique (4).
The subjects proceeded to train for 5 months by pedaling a cycle ergometer 1 hr/day 4 days a week at a load requiring 75 % of their maximal aerobic power. Initially the subjects could not tolerate this load for the full hour and it was reduced to about 65 % of VO, lllitX during a portion of the exercise bout. After about 2 weeks all subjects were able to complete the basic training load for 1 hr. Thereafter each subject attempted to increase the work load to the maximum that could be tolerated for the l-hr period. Midway through the training program 00, lllaX tests were repeated to ensure that all subjects were still working at the prescribed load. At the end of the training program most of the subjects were working for 1 hr at 85-90 % of their VO, max.
Three to five days after the final exercise bout multiple biopsy samples were taken from the vastus lateralis muscle at sites near those of the initial sampling. 002 max was determined at the end of the study. Maximum oxygen uptake tests were done on the cycle ergometer using the leveling-off criteria.
Expired air was collected in a 600-liter gasometer and analyzed with a Beckman E2 oxygen analyzer (8). The accuracy of the analyzer was verified with the Scholander microtechnique.
The muscle samples were divided into three parts. One portion was examined under a dissecting microscope to determine fiber orientation, mounted onto a specimen holder in OCT embedding medium (Ames Tissue-Tek), and frozen in isopentane cooled to the temperature of liquid nitrogen. This sample was used for histochemical analysis. The remaining parts of the sample were weighed and used for the estimation of SDH and PFK activities at 25 C with the methods of Cooperstein and associates (7) and Shonk and Boxer (27), respectively.
In some cases a second biopsy sample was taken at the same site to provide enough tissue for all analyses. GOLLNICK ET AL. In four of the six subjects the pre-and posttraining fiber compositions of this muscle were nearly identical.
In the other two subjects there were about 9 % more ST fibers in the posttraining samples. Oxidative capacity, as indicated histochemically by DPNH-diaphorase activity, appeared to have increased in both fiber types ( Fig. 1) following training.
In contrast, anaerobic capacity, as indicated histochemically by alphaglycerophosphate dehydrogenase activity, appeared to have increased only in the FT fibers ( Fig. 1) .
Muscle samples were available for the determination of total glycogen from only three subjects prior to training. The average glycogen content of these samples was 72 mmoles glucose units kg-l wet wt. This value is similar to that of other nontrained subjects (14). Following training the glycogen concentration of the vastus lateralis muscle was 182.0 and 182.3 mmoles glucose units kg-l wet wt for the three subjects and total groups, respectively. The difference in glycogen concentration before and after training was also evident from the PAS staining of the muscle sections ( Fig. 1 ). There was no clear pattern of a higher glycogen content in one or the other of the two fiber types either before or after training.
The mean ST fiber area prior to training was 5,495 k2 as compared to 6,638 p2 for the FT fibers (P < 0.01). After training the area of the ST fibers was 6,778 p2 (P < 0.05) and that of the FT fibers 6,139 p2. The ratio of the ST to FT fiber areas increased from 0.82 before to 1.11 (P < 0.01) after training.
Considerable variation existed in the areas of the two fiber types among subjects. This was less pronounced after training. DISCUSSION An increase in J?oz l,laX was observed in all subjects. These were within the limits of several earlier reports (10). The largest individual change of 25 % was only slightly lower than the 37 % observed by Saltin and co-workers (25) in sedentary subjects following a 55-day training pro- The distribution of glycogen in one of the serial sections (16 p thick) was estimated from the periodic acid-Schiff (PAS) reaction as described by Pearse (24). The tissue remaining after the sections were cut for histochemical analysis was removed from the embedding medium and analyzed for total glycogen with the method described by Karlsson et al. (19) .
Muscle fibers were identified as slow twitch (ST) or fast twitch (FT) on the basis of myosin ATPase activity as described previously (14) . The area of the two fiber types was determined by direct planimetry on photographs made of the DPNH diaphorase sections. Tables  1 and 2.  VO 2 1118X increased an average of 13 % during training (P < 0.05). The largest increase in Tj02 max was 1.1 liters min-l (25 %) and the smallest, 0.1 liter min-l (3.6 %).
RESULTS

Individual values are presented in
Mean SDH activity in the vastus lateralis muscle increased 95 % (P < 0.01) with training.
The smallest pre- However, the training program used in this study was longer and more strenuous than previously used for studying metabolic adaptations in the skeletal muscle of man. The SDH activities following training approached those in well-trained bicyclists and were greater than those seen in endurance runners (14). These high activities probably reflect a more extensive use of the vastus lateralis muscle in cycling than during running. This conclusion was reached from EMG determinations (J. Hendriksson, personal communications). Bicycle exercise was chosen for the training in the present study specifically for this reason. The extensive use of this muscle during bicycle exercise explains the high enzyme activity even though the VO 2 n,ax per kilogram for well-trained bicyclists and the subjects of the present study is lower than that of well-trained endurance runners. The small increase in I702 max contrasted with the large change in oxidative potential of the skeletal muscle supports the thesis that the aerobic capacity of muscle does not limit total body I702 max ( 14). As suggested by Holloszy and co-workers (16, 17), these changes in oxidative capacity are probably more important during submaximal than maximal work. They may contribute to a greater oxidation of fat and the lower lactate production seen during exercise after training.
The increase in PFK activity suggests a greater glycolytic capacity of the vastus lateralis muscle after training. Eriksson and co-workers (11) have also observed increases in PFK activity in the vastus lateralis muscle of 1 l-to 13-year-old boys following training with bicycle work. This finding is in contrast to that of Holloszy et al. (18) in the rat following endurance training.
Recently, however, Baldwin and associates (2) have reported elevated activities of some glycolytic enzymes, including PFK, in the soleus but not quadriceps muscle of the trained rat. The predominate fiber type of the rat soleus possesses low myosin ATPase and high oxidative activity (9). In some ways these fibers are similar to the ST fibers of human muscle. This might suggest that the ST fibers had increased their glycolytic capacity after training.
However, on the basis of alpha-glycerophosphate dehydrogenase activity, it appears that an increase in glycolytic capacity occurred mainly in the FT fibers. Since the work load in the present experiment required a large consumption of muscle glycogen (26), an increase in PFK activity in either or both fiber types would aid in the degradation of glycogen to supply energy for muscular contraction by both the aerobic and anaerobic pathways. The increases in enzyme activities in this study appear to be the result of the training and not a response to a single work bout. This conclusion is based on the relative magnitude of the change as compared to other studies with man and rats f 1. 3. 11. 16-l 8. 21. 29) and from an earlier study GOLLNICK ET AL.
by Eriksson et al. (1 1) , in which SDH and PFK activities in the skeletal muscle of lo-and 11 -year-old boys were unchanged after 2 weeks bu 6 weeks of training.
The elevation in muscle t significa ntly increased after glycogen 1s rained animals consistent with and man (14, 15) . in this experiment concentrations stud ies on trained and unt The posttraining glycogen were similar to those of well-trained distance runners (14). These changes may have been due to the normal supercompensation of glycogen seen after a single heavy work bout and not due to training. This is particularly true since a time period of 3-5 days elapsed between the final exercise session and taking the posttraining muscle biopsy. The glycogen concentrations were, however, higher than those usually seen after a single work bout (6) but simila r to those produced by exercise and die tary modification (5, 1% . These changes are compatible with the observation that the glycogen synthetase activity of human skeletal muscle is increased by training (28 mately 9 % increase in the ST fibers of two subjects as a normal variation in the sampling procedure and not one that reflects a biological change. This conclusion is based on previous data (14) which showed that with multiple biopsy samples the standard deviation between samples from the same subject was about 5 %.
A close relationship existed between the percentage fiber composition determined from the relatively small number of fibers in the pretraining samples and the larger number of fibers from the posttraining samples. This suggests a fairly homogeneous composition of the vastus lateralis muscle and supports the reliability of data obtained from the biopsy samples both in this and previous studies.
The results of this study clearly demonstrate the large local adaptability of skeletal muscle to training. They also
